Abstract. We developed a TaqMan-based real-time quadriplex polymerase chain reaction (PCR) to simultaneously detect Treponema pallidum subspecies pallidum, T. pallidum subsp. pertenue, and T. pallidum subsp. endemicum, the causative agents of venereal syphilis, yaws, and bejel, respectively. The PCR assay was applied to samples from skin ulcerations of clinically presumptive yaws cases among children on Tanna Island, Vanuatu. Another real-time triplex PCR was used to screen for the point mutations in the 23S rRNA genes that have previously been associated with azithromycin resistance in T. pallidum subsp. pallidum strains. Seropositivity by the classical syphilis serological tests was 35.5% among children with skin ulcerations clinically suspected with yaws, whereas the presence of T. pallidum subsp. pertenue DNA was only found in lesions from 15.5% of children. No evidence of T. pallidum subsp. pertenue infection, by either PCR or serology was found in~59% of cases indicating alternative causes of yaws-like lesions in this endemic area.
INTRODUCTION
Syphilis and the endemic treponematoses are caused by closely related, motile, spiral bacteria of the genus Treponema. Treponema pallidum subsp. pallidum (TP-pallidum) is the etiologic agent of venereal syphilis, whereas Treponema pallidum subsp. pertenue (TP-pertenue) and T. pallidum subsp. endemicum (TP-endemicum) are the causative agents of the non-venereal or endemic treponematoses yaws and bejel, respectively. Unlike syphilis, yaws is spread by direct skin-to-skin contact predominantly affecting children 15 years of age living in poor socioeconomic conditions in certain rural, wet, tropical areas of West and Central Africa, South East Asia, and the South Pacific islands. 1 Bejel is also largely transmitted between children, often as a result of sharing drinking vessels, but in dry, more temperate areas of the world. 2 Despite differences in the mode of transmission, geographic distribution, propensity to invade the central nervous system, or infect the fetus, the three subspecies share striking similarities at both the genomic and antigenic level. [2] [3] [4] [5] These treponemes cannot be serially cultivated in vitro, are indistinguishable by darkfield microscopy, and cannot be differentiated by classical syphilis serological methods. However, subspecies-specific genetic signatures permit molecular differentiation using methods that involve polymerase chain reaction (PCR), restriction fragment length polymorphism (RFLP), and DNA sequencing. 3, [6] [7] [8] [9] These existing molecular methods are inherently technically complex resulting in inevitable delays in reporting results. We therefore developed a TaqMan-based real-time quadriplex PCR assay to rapidly and simultaneously differentiate between TP-pallidum, TPpertenue, and TP-endemicum in a single test that can be used for screening and investigation of individual cases.
Yaws remains endemic in parts of Vanuatu in the South Pacific with more than 1,500 cases reported each year between 2008 and 2010. 10 The World Health Organization (WHO) has recently launched a worldwide yaws eradication program based on community mass drug administration (MDA) using the oral macrolide antibiotic, azithromycin, followed by clinical case management for individuals subsequently developing skin lesions. 10 To measure the burden of disease before initiation of MDA using azithromycin on Tanna Island, Vanuatu, serological testing and a TaqMan-based real-time multiplex PCR test on swabs taken from lesions were used to investigate the disease among a series of children presenting with skin ulcerations clinically suspected with yaws.
MATERIALS AND METHODS
Study participants and specimen collection. In May 2013, a study was undertaken to assess the prevalence of yaws in Tanna Island, Vanuatu before initiation of MDA. A total of 244 children 15 years of age who presented with clinically suspected yaws-like skin ulcerations at randomly selected primary schools, villages, and health centers were examined by clinicians. Of these, 155 children with active skin ulcerations defined by the presence of a significant break in the skin filled with necrotic tissue and/or pus were enrolled in the sub-study for molecular detection and characterization of TP-pertenue. The remaining 89 children with small or healing skin ulcerations and/or papillomatous lesions were excluded as a result of difficulties in collection of ulcer exudates. Informed written consent was obtained from children's parents or guardians. Ethical approval for the study was granted by the ethics committees of the Ministry of Health in Vanuatu, the WHO, and the U.S. Centers for Disease Control and Prevention (CDC).
Venous blood samples were collected for both non-treponemal and treponemal serological testing. Samples for PCR were collected from skin lesions using two dacron-tipped swabs, one was suspended in AssayAssure transport medium (Thermo Fisher Scientific, Waltham, MA), whereas another was rolled onto an FTA micro Elute card (Thermo Fisher Scientific). Genomic DNA was extracted from a 350-μL AssayAssure sample using iPrep PureLink gDNA blood kit and the iPrep *Address correspondence to Cheng-Yen Chen, Division of STD Prevention, Centers for Disease Control and Prevention, 1600 Clifton Road, Mail Stop: A-12, Atlanta, GA 30329. E-mail: cychen@cdc.gov purification instrument (Life Technologies, Grand Island, NY). The DNA was extracted from three 3-mm discs punched from the FTA cards. Briefly, the discs were washed in sterile water and the DNA eluted by incubating in 10 mM Tris buffer (pH 8.0) at 95 C for 30 min.
Serological methods. Serum samples were tested quantitatively for non-treponemal antibodies using the Wampole Impact Syphilis Rapid Plasma Reagin (RPR) test (Alere North America, Inc., Orlando, FL), and for Treponema-specific antibodies by a T. pallidum passive particle agglutination assay (Serodia TP-PA, Fujirebio Diagnostics Inc., Malvern, PA) according to the manufacturer's instructions.
Real-time quadriplex PCR testing and screening for azithromycin resistance markers. The molecular differentiation of TP-pertenue from TP-pallidum and TP-endemicum was achieved using a real-time quadriplex PCR containing primers and TaqMan probes targeting the tp0858 gene, which encodes a hypothetical protein and two areas of the tprI (tp0620) gene. Amplification of the human ribonuclease P gene (RNase P) was included as an internal control to monitor PCR inhibition and confirm sample adequacy. The quadriplex PCR was performed with a 10-μL sample of DNA in a 25-μL reaction volume containing 12.5-μL of PerfeCTa Multiplex qPCR SuperMix (Quanta Biosciences, Gaithersburg, MD), and the appropriate volume of each primer and probe. The PCR targets, amplicon sizes, primer and probe sequences, and their final concentrations and the fluorescent dye used for each specific probe are shown in Table 1 . The assay was performed on a Rotor-Gene Q real-time PCR instrument (Qiagen Inc., Valencia, CA) using the following thermocycling conditions: 95 C for 4 min, followed by 50 cycles of 95 C for 20 s, and 65 C for 1 min. Purified genomic DNA from TP-pertenue, TP-pallidum, or TP-endemicum; or custom synthesized DNA fragments encompassing unique genetic signature areas within tp0858 or tprI (the size of each insert is 250 to 400 bp) cloned into pIDTSmart plasmids (Integrated DNA Technologies, Coralville, IA) were used as positive controls. Both positive and no-template controls (NTC) were included to standardize the threshold cutoff in each run. The analytic sensitivity of the real-time quadriplex PCR assay was determined using 10-fold serial dilutions of purified TPpertenue genomic DNA (CDC-1 strain). The analytical specificity of the PCR assay was verified using DNA purified from 10 laboratory strains of TP-pallidum 8, 9 (Nichols, SS 14, Mexico A, JV1, DAL-1, Madras, 1 strain from Maryland, 3 strains from Minnesota) and 11 clinical strains from South Africa, 11 13 laboratory strains of TP-pertenue 8, 9 (CDC-1, CDC-2, CDC-2575, Samoa D, Samoa F, Ghana 051, Gauthier, and 6 strains from Indonesia), a clinical strain from Democratic Republic of the Congo, 6 and 2 strains of TP-endemicum (Bosnia A and Iraq B). In addition, a previously used panel of nonpathogenic treponemes (T. denticola, T. refringens, and T. phagedenis) and other microorganisms was included to determine the specificity of the assay. 12 The stability of the tp0858 PCR target was also tested with the real-time quadriplex PCR using DNA from the TPpertenue strain CDC-1 obtained from multiple rabbit passages performed sequentially seven times in 1986 and three times in 1987.
Samples that tested positive for TP-pertenue DNA by the real-time quadriplex PCR were further tested with a TaqMan real-time triplex PCR assay to detect the A2058G and A2059G point mutations in the 23S rRNA gene that are associated with azithromycin resistance in TP-pallidum, as previously described. 12 DNA sequencing. Confirmation of the T. pallidum subsp. was done as previously described using PCR and sequencing of a 280-bp intergenic spacer (IGR19) between the fliG gene (tp0026) and a putative hemolysin gene (tp0027) and a 493-bp specific region within the tprI (tp0620) gene, which is present in all three subspecies. 6 The DNA sequencing was performed using the BigDye Terminator v3.1 cycle sequencing kit and an ABI 3130-XL sequencer. Lasergene Software (DNASTAR, Inc., Madison, MI) was used to assemble and align DNA sequences.
Statistical analysis. Data were captured in a pre-coded database using Microsoft Excel. Statistical analysis was done using the SPSS version 13.0 (SPSS Inc., Chicago, IL). Conditional maximum likelihood estimate of odds ratio (OR) and 95% confidence intervals (CIs) were calculated using OpenEpi version 3.0, and the Mid-P exact test was used to measure the associations between serological reactivity and PCR positivity.
RESULTS
Syphilis serology. Both RPR and TPPA testing were performed on 155 sera. Of these, 55 (35.5%) were reactive in both RPR and TPPA tests, 9 (5.8%) were reactive by the TPPA alone and 91 (58.7%) were non-reactive by both the RPR and TPPA (Table 2) . No biological false positive (RPR+/TPPA−) reactions were detected. The distribution of PCR-positive and -negative samples by RPR titer (R1-R128) in the total sample of children tested is shown in Table 3 . A total of 22 (40%) RPR-reactive sera were found to have low titers ( R4) of non-treponemal antibody.
Performance characteristics of the real-time quadriplex PCR. The analytical sensitivity of the real-time quadriplex assay was determined to be 10-100 genomic copies per reaction using serial dilutions of TP-pertenue genomic DNA with an amplification efficiency of 97.6% and a correlation coefficient of 0.982 (data not shown). Representative amplification curves and interpretation of results are shown in Figure 1 . Briefly, the fluorescent dye (FAM)-labeled TaqMan probe hybridized specifically to the TP-pallidum DNA template, whereas positive fluorescence signals in the CalRead610 channel was observed only with the TP-endemicum DNA. Similarly, samples containing TP-pertenue DNA were detected only in the Quasar705 channel.
Detection of TP-pertenue DNA by real-time quadriplex-PCR. The DNA from the 155 paired AssayAssure samples and FTA cards were tested by the real-time quadriplex PCR. Overall, TP-pertenue DNA was detected in skin lesions from 24 of 155 (15.5%) of children. Twenty-three of 24 (95.8%) TP-pertenue-PCR positive AssayAssure samples were also positive using the corresponding FTA card samples. Neither TP-pallidum nor TP-endemicum DNA was detected in any of the skin lesions. The laboratory strains of TP-pertenue, together with positive controls for TP-pallidum and TPendemicum were all correctly identified by the assay. The RNase P gene target used as an internal control was amplified from all AssayAssure and FTA card samples tested (data not shown). The DNA from nonpathogenic treponemes, or other pathogenic and commensal genital tract microorganisms, and normal skin flora tested negative by the quadriplex PCR, indicating that the assay was highly specific for the respective treponemal DNA sequences (data not shown). The DNA obtained from CDC-1 strain from 10 rabbit passages all tested positive specifically for TP-pertenue (data not shown) suggesting that the tp0858 DNA sequence used in our assay is stable, although the data are limited to only one strain evaluated and with a 2-year time frame.
Relationship between TP-pertenue-PCR results and serology. The TP-pertenue DNA was detected in skin lesions from 24 of 155 (15.5%) of children and among them 23 (95.8%) had both reactive RPR and TPPA (Table 2 ). There was only one PCR-confirmed yaws case with dually non-reactive RPR/ TPPA. The proportion of PCR-confirmed yaws cases that were RPR/TPPA dually reactive was significantly higher than those that were dually non-reactive (23 of Among children with dual reactive RPR/TPPA and PCRpositive AssayAssure samples, only one corresponding FTA card sample failed to be detected by PCR.
Detection of azithromycin resistance markers by real-time triplex-PCR. None of the TP-pertenue-PCR positive samples tested positive for either the A2058G or A2059G point mutation in the 23S rRNA gene, which have previously been associated with macrolide (and thus azithromycin) resistance in TP-pallidum (data not shown).
Confirmation of subspecies-specific DNA by sequencing. The differentiation of the three T. pallidum subsp. using the real-time quadriplex PCR was confirmed by verifying both corresponding IGR19 and tprI gene sequences using laboratory strains from a specificity panel that included 21 strains of TP-pallidum, 14 strains of TP-pertenue, and 2 strains of TP-endemicum (data not shown). The DNA sequence analysis within IGR19 ruled out the possibility of a TP-pallidum subspecies in the clinical specimens, whereas unique genetic signature sequences of tprI ruled out TP-endemicum as previously described. 6 
DISCUSSION
Previously reported molecular methods to identify T. pallidum to the subspecies level involved the use of nested PCR combined with sequencing and/or RFLP of multiple treponemal targets. [2] [3] [4] [5] Although these methods are useful for developing and evaluating new assays, they are costly, laborious, and time-consuming. Consequently, these methods are not suitable for rapid screening applications. In this report, we describe a real-time quadriplex PCR for the simultaneous detection of the etiologic agents of yaws, syphilis, and bejel in a single assay. As part of the baseline yaws survey in Tanna Island, Vanuatu, where the burden of disease is known to be high, serological testing together with two real-time multiplex PCR assays were used to assess the RPR = rapid plasma reagin; TPPA = Treponema pallidum passive particle agglutination assay. seroprevalence of yaws, to verify the presence of TP-pertenue DNA in lesions, and to detect mutations associated with macrolide resistance in those lesions found to harbor yaws treponemes among children presenting with skin ulcerations clinically suspected with the disease. The real-time quadriplex PCR described in this study confirmed a diagnosis of yaws by detecting TP-pertenue-specific DNA in skin lesions from~15% of children presenting with skin lesions suspected of yaws. Because the test had a high analytical sensitivity and also proved to be specific, it is not surprising that all but one had reactive RPR tests that could be confirmed by a more specific TPPA. Indeed, the detection of TP-pertenue-specific DNA in skin lesions was significantly associated with rates of detection of both non-treponemal and treponemal antibody compared with those who were TPpertenue DNA negative. Furthermore, among those that were seroreactive by both RPR and TPPA, the RPR titers were significantly higher in those that were PCR positive. This combination of PCR and serological results suggests that those children with PCR-positive lesions have more active disease and are likely to be more infectious than those children who were PCR negative.
In this assessment, which was done before initiation of MDA using azithromycin, TP-pertenue-specific DNA was found in lesions of~42% of children who had reactive RPR and TPPA serology. The finding of a significant proportion of low titer RPR seropositivity ( R4) among PCR-negative cases may indicate previously treated cases of yaws that remain serofast for both non-treponemal and treponemal antibody. This situation has been described previously in successfully treated cases of syphilis in high prevalence settings. 13 This could further complicate the interpretation of disease status when using serological tests alone. The absence of TP-pertenue strains carrying the point mutations associated with macrolide resistance suggests that azithromycin can be used successfully for MDA in Vanuatu.
This study also indicates that the diagnosis of yaws based on clinical presentation alone appears to have a lower accuracy than anticipated. In this yaws-endemic region, 59% of children presenting with suspected yaws lesions were found to be both PCR negative and non-reactive by both TPPA and RPR serological tests, indicating no current or previous exposure to the disease and strongly suggests the existence of other possible causes for skin ulcers in this marginalized population. The addition of serological tests that detect both treponemal and non-treponemal antibodies greatly improves the odds of identifying suspected yaws cases; however, the etiology of many skin lesions remains uncertain and co-infections cannot be excluded. What is the significance of those ulcers that are PCR negative, but seropositive, either dually, or by the TPPA alone? The possible explanations for these findings include previous use of antibiotics, healing ulcers with numbers of TP-pertenue in lesions below the PCR detection limit, or ulcers that were caused by another etiological agent or by trauma in a subject who had previously had yaws. The unexpected finding of a high percentage of symptomatic children without an identifiable etiology and those not having nontreponemal or treponemal antibodies might have implications for the WHO yaws eradication strategy-especially if they are found to be refractory to the antibiotic therapy provided in the MDA. There have been a few cases reports on Haemophilus ducreyi-associated skin lesions in the south Pacific islands [14] [15] [16] and more recently a study in Papua New Guinea, a yaws-endemic country, where 60% of lesions in children were found to be H. ducreyi-positive by PCR. 17 Further molecular studies to explore the full range of etiologies of skin ulcers in Vanuatu and other yaws-endemic regions are needed to improve our current understanding of yaws epidemiology and other tropical ulcer diseases and to better inform disease control efforts.
The FTA Elute card is a paper-based specimen collection method designed to lyse cellular materials and to preserve DNA and RNA within the matrix, thus rendering samples non-infectious. [18] [19] [20] Because yaws-endemic communities are most likely located in remote settings, the FTA Elute card can provide a simple way to collect, store, and transport skin lesion specimens at ambient temperature in the absence of a cold chain for molecular testing. Although the sample size was small in our evaluation, the PCR results obtained using FTA Elute cards was in good agreement with liquid AssayAssure transport media. Although there was a lapse of more than 6 months between specimen collection in Vanuatu and PCR testing of the FTA cards at the CDC laboratory, previous studies using DNA from blood and buccal samples applied to FTA cards showed that the DNA remained stable at ambient temperatures for as many as 20 years. 21 In conclusion, the real-time quadriplex PCR described here, is a fast, highly sensitive, and specific assay for the molecular differentiation of T. pallidum subspecies and should be particularly useful in areas where both syphilis and yaws or bejel are endemic and in determining the extent of treponemal infections worldwide to support WHO's endemic treponematoses eradication efforts. The use of a combination of classical serological testing and cutting-edge molecular techniques such as the quadriplex PCR will help determine the current geographic distribution of yaws, increase the ability to identify the most potentially infectious cases, and detect treatment failures or reinfections following mass treatment with azithromycin. When used in combination with a previously published molecular assay to screen for point mutations associated with azithromycin resistance and/or treatment failures, 8 the quadriplex PCR assay could be used to monitor the possible emergence of macrolide-resistant TP-pertenue strains when azithromycin usage increases as a result of implementation of the WHO's yaws eradication strategy.
